Abstract Phase formation, microstructure and microwave dielectric properties of (1-x)Li 2 SnO 3 -xMO (M=Mg, Zn) ceramics have been investigated using x-ray powder diffractometer (XRD), scanning electron microscope (SEM) and a network analyzer at the frequency of about 8-12GHz in this paper. The results showed that Li 2 SnO 3 formed limited range of solid solution ((β-Li 2 SnO 3 (ss)) with MgO doping (x ≤0.1) or ZnO doping (x ≤0.3). Multiphase of Li 4 MgSn 2 O 7 , β-Li 2 SnO 3 (ss) and α-Li 2 SnO 3 (ss) existed in the compositions of x =0.2−0.5 for MgO-added specimens. ZnO second phase appeared when x >0.3 for the ZnO-added specimens. Dense and homogeneous microstructure could be obtained for the ZnO-doped composition with x =0.3. The dielectric permittivity decreased with the increase of MgO doping content, but increased with the increase of ZnO dopant within the miscible compositional range (β-Li 2 SnO 3 (ss)). The presence of Li 4 MgSn 2 O 7 or ZnO second phase reduced the dielectric permittivity. The doping of ZnO improved the Q ×f value of β-Li 2 SnO 3 (ss), whereas the doping of MgO slightly decreased the Q ×f value. The improvement of Q ×f value could be ascribed to the stabilization of the ordering-induced domain boundaries by the partial segregation of the larger doping cation. The τ f value changed from positive into negative value with increasing MgO or ZnO addition and near zero τ f value (4.67 or −0.27 ppm/°C) could be obtained at x =0.3 composition for MgO or ZnO added specimens, respectively.
Introduction
Lithium salts Li 2 MO 3 (M=Sn, Ti, Zr, Mo, Pd, etc.) have been extensively investigated as promising solid breeder materials in the blanket of future fusion reactors and ionic conductors [1] [2] [3] . Recently, we have investigated lithium-containing oxides with rock salt structure as candidate materials for microwave applications and obtained several high Q ×f value dielectric ceramics in this system [4] . Among them, Li 2 TiO 3 in which Li layers alternated with ordered (Li, Ti) layers has the dielectric constant of 22, Q ×f value of 63500 GHz (8.6 GHz), and τ f value of 20.3 ppm/°C. Its Q ×f value was considerably improved to 100600 GHz (8.8 GHz) by a small amount of MgO addition (24 mol %) [5] . The τ f value could be adjusted to 3.56 ppm/°C simultaneously. Extensive solid solutions could occur between Li 2 TiO 3 and Mg(Zn)O or Li 3 NbO 4 [5] [6] [7] . Pure Li 2 TiO 3 undergoes an order-disorder phase transformation on heating at 1213°C [8] . Both of the ordering degree and the temperature of the order-disorder transition decrease with the increase of MgO or Li 3 NbO 4 content. The remarkable improvement of Q ×f value for the MgO or Li 3 NbO 4 doped Li 2 TiO 3 ceramic is considered to be related to the presence of short range ordering in the solid solution system [5, 6] . Li 2 SnO 3 has the similar ordered monoclinic crystal structure as Li 2 TiO 3 (C2/c) [9] . However, no orderdisorder phase transformation has been observed yet. The phase diagram for the join Li 2 SnO 3 -MgO system was reported by M. Castellanos and A.R. West [10] . It was found that Li 2 SnO 3 formed limited range of solid solution with ordered structure (β-Li 2 SnO 3 (ss)) when x ≤0.09. A mixture of β-Li 2 SnO 3 (ss) and Li 4 MgSn 2 O 7 existed in the compositional range of 0.09<x <0.15 and a mixture of disordered solid solution (α-Li 2 SnO 3 (ss) ) and Li 4 MgSn 2 O 7 phases existed in the range of 0.15<x <0.9. To the best of our knowledge, there has been no report about the phase formation of Li 2 SnO 3 -ZnO and the microwave dielectric properties of Li 2 SnO 3 -MO (M=Mg, Zn,) system. The purpose of this paper is, therefore, to investigate the phase formation, microstructure and microwave dielectric properties of the Li 2 SnO 3 -MO (M=Mg, Zn) system.
Experimental
The (1-x)Li 2 SnO 3 -xMO (M=Mg, Zn) ceramic samples were prepared by conventional solid-state reaction process from the starting materials including Li 2 CO 3 (99.9 %), SnO 2 (99.7 %), MgO (99.6 %) and ZnO (99.6 %). The raw materials were weighed according to the above formula and milled with ZrO 2 balls in ethanol for 24 h (milling speed: 100 rpm). The wet mixed powders were dried and calcined at the temperature of 700-800°C for 2 h in an alumina crucible. The calcined powders were reground for 24 h, dried, mixed with 7 wt% PVA (molecular weight 1700, hydrolysis level 88 %, Guo-Yao Co. Ltd., Shanghai, China) as binder and granulated. The granulated powders were uniaxially pressed into pellets with 10 mm in diameter and 4-5 mm in height under the pressure of 100 MPa. The pellets were sintered between 1200°C and 1350°C for 2 h . In order to suppress the lithium evaporation loss, the pellets were muffled with powder of the same composition. The phase constituents of the sintered samples were identified by X-ray powder diffraction (XRD) with Ni-filtered Cu Kα radiation (40 kV and 20 mA, Model Dmax-RC, Japan). The powder diffraction data were collected at room temperature with a step size Δ2θ=0.02°and scan rate of 6°/min over the angular range 10≤2θ(°)≤90°using monochromatic Cu K α. The unit cell parameters were refined by a least-squares procedure using Jade 5.0 software. The microstructure of the sintered sample was characterized by scanning electron microscopy (SEM) (Model XL20, Philips Instruments, Netherlands). All samples were polished and thermally etched at a temperature which was 100°C lower than its sintering temperature. Microwave dielectric properties of the sintered samples were measured between 8 GHz and 10 GHz using network analyzer (Hewlett Packard, Model HP8720C, USA). The quality factor was measured by the transmission cavity method. The relative dielectric constant (ε r ) was measured according to the Hakki-Coleman method using the TE 011 resonant mode, and the temperature coefficient of the resonator frequency (τ f ) was measured using invar cavity in the temperature range from 20°C to 80°C. Our results is slightly different from the phase digram reported [10] . It seems to imply that the phase boundary betwen β-Li 2 SnO 3 (ss) and α-Li 2 SnO 3 (ss) at high temperature should shift to the MgO-rich side and be in nonequilibrium state (maintained the high temperature mixture phases (β-Li 2 SnO 3 (ss)+ α-Li 2 SnO 3 (ss)). This assumption is more reasonable and in well agreement with the XRD analysis and will be further evidenced by EDS analysis later (Fig. 3b) . For the ZnO-doped specimens, solid solution with ordered structure could be formed when x ≤0.3. However, the intensity of the (002) [11] , the cell volume of the solid solution is supposed to change little compared with that of undoped composition. However, the cell volume slightly increased with the increase of ZnO dopant as shown in Fig. 2 , which may be ascribed to the decrease in ordering degree. The increase in disodering would expand the cell volume slightly due to the repulsion between Sn +4 and Sn
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+4
. The different phase formation behavior between the two series can be ascribed to the larger difference of the bond character between Sn-O and Mg-O than that between Sn-O and Zn-O , which is manifested by their difference in electro-negativity scale ( Pauling scale, 1.2, 1.6 and 1.8 for Mg, Zn and Sn, respectively) [12] .
The typical SEM images of the MgO added specimens with x =0, x =0.04, x =0.1 and x =0.3 are shown in Fig. 3a . The highly preferred orientation plate like grain structure of pure Li 2 SnO 3 specimen (x =0.0) due to the weak Li-O bond in the layer ordered structure changed little with the increase of MgO dopant when x ≤0.1. It shows that small amount of MgO doping (x ≤0.1) would not affect the layer ordering degree remarkablely. The x =0.3 composition demonstrated a mixture of ordered β-Li 2 SnO 3 (ss) and disordered α-Li 2 SnO 3 (ss) phases. The ordering phase (β-Li 2 SnO 3 (ss)) can be distinguished from their EDS analysis. The disordered cubic phase (α-Li 2 SnO 3 (ss)) is supposed to contain more Mg than that of the ordered monoclinic phase (β-Li 2 SnO 3 (ss)) according to the phase digram reported [10] . The grains 1 and 2 show much higher content of Mg than the grains 3 and 4 ( Fig. 3b) , which seems to indicate the coexistence of α-Li 2 SnO 3 (ss) and β-Li 2 SnO 3 (ss) phases in the x =0.3 composition. Note that the (Fig. 3c) , the x =0.1 composition showed porous microstructure, which is similar to that observed in Li 2 TiO 3 -MgO system. The high porosity of the Li 2 TiO 3 based ceramic is ascribed to the very rapid coalescence of small subgrains above the order-disorder phase transition temperature, which leads to the pore isolation in the large grains because of boundary breakaway [13] . For pure Li 2 SnO 3 ceramic, no order-disorder phase transformation occurred at the sintering temperatures, and hence no such kind of porous microstructure could be observed. It is common for polycrystalline microstructures to simultaneously undergo grain growth and densification during the sintering process. Dense microstructure could be observed for the x =0.3 composition. The avoidance of pore separation and entrapment in the x =0.3 composition is benefited from the increase in densification rate relative to the grain growth rate by doping ZnO. The high porosity and much smaller grain size of the x =0.5 composition can be ascribed to the presence of ZnO secondary phase which remained at grain boundaries and hindered the grain boundary migration.
Variations of dielectric permittivities as function of x are shown in Fig. 4 . For the MgO added specimens (Fig. 4a) , the dielectric permittivity decreased with the increase of MgO ) [14] . The abrupt decrease in dielectric permittivity as x >0.3 can be ascribed to the substantially increase in Li 4 MgSn 2 O 7 impurity phase. For the ZnO added specimens (Fig. 4b) , the dielectric permittivity increased with the increase of ZnO content up to x =0.3 and then decreased with the further increase in ZnO content. The increase in dielectric permittivity with increasing ZnO dopant is mainly due to the increase in ion polarizability (α Zn 2+ =2.04 Å ) [14] . The decrease in dielectric permittivity as x >0.3 can be attributed to the presence of ZnO second phase whose dielectric permittivity (ε r~8 ) [15] is lower in comparison with that of Li 2 SnO 3 and high porosity as shown in Fig. 3c . For the variation of permittivity of pure Li 2 SnO 3 with sintering temperature may be ascribed to the corresponding change of density (the relative density is 94.2 %, 93.6 % and 93.0 % for the sample sintered at 1300, 1325 and 1350°C/2 h, respectively). Variations of Q ×f values as function of x are shown in Fig. 5 . The Q ×f value slightly decreased with doping small amount of MgO (x ≤0.1), regardless of its ordered structure (β-Li 2 SnO 3 (ss). The abrupt increase in Q ×f value for x =0.2 and x =0.3 compositions may be attributed to the improvement of microstructure (decrease in preferred orientation of grains and increase in density). Further increase in MgO addition decreased the Q ×f value due to the increase in Li 4 MgSn 2 O 7 impurity phase. In contrast, the Q ×f value increased with the increase in ZnO doping content up to x = 0.3 and then decreased with the further increase of ZnO addition due to the appearance of ZnO second phase and porosity. However, in the case of ZnO doping, the improvement of Q ×f value for Li 2 SnO 3 is not as remarkable as that of Li 2 TiO 3 doped with MgO [5] or ZnO [7] . The doping of MgO even degraded the Q ×f value of Li 2 SnO 3 as described above. The different effect of doping on the Q ×f value may be related to the size difference between the cations of the matrix and the dopants. In the case of MgO-doped Li 2 TiO 3, the substantial improvement of Q ×f value was considered to be mainly related to the stabilization of the ordering-induced domain boundaries by the partial segregation of Mg just like in the case of BZT-BZ system proposed by P.K. Davies et al. [16] . The charge and size of doping cation was considered to be critical in its ability to stabilize the boundary regions. Because only charge balances substitution of larger cation could be beneficially providing a stable interfacial "buffer layer" at the otherwise elastically strained domain boundaries [15] . . This may explained the reason why doping of ZnO has less remarkable effect on the improvement of Q ×f value of Li 2 SnO 3 than that of Li 2 TiO 3 , whereas doping of MgO decreased the Q ×f value for the Li 2 SnO 3 . Variation of Q ×f value for the pure Li 2 SnO 3 seems not to be totally corresponding to the variation of its density. The variation of texturing microstructure with sintering temperature may aslo affect its Q ×f value. Variation of temperature coefficient of resonant frequency τ f as a function of x is shown in Fig. 6 The τ f value changed from positive into negative value with increasing MgO or ZnO addition and near zero τ f value could be obtained (4.67 and −0.27 ppm/°C) at x = 0.3 composition for MgO or ZnO added specimens, respectively.
Conclusions
Phase formation, microstructure and microwave dielectric properties of (1-x)Li 2 SnO 3 -xMO (M=Mg, Zn) ceramics have been investigated in this paper. Li 2 SnO 3 formed limited range of solid solution ((β-Li 2 SnO 3 (ss)) with MgO doping (x ≤0.1) or ZnO doping (x ≤0.3). Multiphase of Li 4 MgSn 2 O 7 , β-Li 2 SnO 3 (ss) and α-Li 2 SnO 3 (ss) existed in the x =0.2−0.5 composition for MgO-added specimens, and ZnO second phase appeared when x >0.3 for the ZnO-added specimens. Pure Li 2 SnO 3 specimen (x =0.0) demonstrated highly preferred orientation plate like grain structure due to the weak Li-O bond in the layer ordered structure. Small amount of MgO doping (x ≤0.1) would not affect the layer ordering degree greatly, and thus the preferred orientation grain structure. However the preferred orientation growth of β-Li 2 SnO 3 (ss) grains diminished as the appearance of disordered α-Li 2 SnO 3 (ss) phases. For the ZnOdoped specimens, the x =0.1 composition showed porous microstructure due to pore separation and entrapment. In contrast the x =0.3 composition exhibited dense and homogeneous microstructure. The high porosity and much smaller grain size of the x =0.5 composition can be ascribed to the presence of ZnO secondary phase. The dielectric permittivity decreased with the increase of MgO doping content, but increased with the increase of ZnO dopant within the miscible compositional range (β-Li 2 SnO 3 (ss)). The presence of Li 4 MgSn 2 O 7 or ZnO second phase lead to the decrease in dielectric permittivity. The doping of ZnO improved the Q ×f value of β-Li 2 SnO 3 (ss) due to the stabilization of the ordering-induced domain boundaries by the partial segregation of Zn
2+
, whereas the doping of MgO slightly decreased the Q ×f value. The different effect of doping on the Q ×f value may be associated with the different relative size between the cations of the matrix and the dopants. The τ f value changed from positive into negative value with increasing MgO or ZnO addition and near zero τ f value (4.67 or −0.27 ppm/°C) could be obtained at x =0.3 composition for MgO or ZnO added specimens, respectively.
